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The optical conductivity σ1(ω) of Eu1−xCaxB6 has been obtained from reflectivity and ellip-
sometry measurements for series of compositions, 0 ≤ x ≤ 1. The interband part of σ1(ω) shifts
continuously to higher frequency as Ca-content x increases. Also the intraband spectral weight of
σ1(ω) decreases rapidly and essentially vanishes for x ≥ xc = 0.35. These results show that the
valence band and the conduction band of Eu1−xCaxB6 move away from each other such that their
band overlap decreases with increasing Ca-substitution. As a result, the electronic state evolves
from the semimetallic structure of EuB6 to the insulating CaB6 where the two bands are separated
to open a finite gap (≃ 0.25 eV) at the X-point of the Brillouin zone.
PACS numbers: 71.20.-b,71.30.+h,78.20.-e
The divalent hexaboride compounds RB6 (R=Eu, Ca,
Sr, etc) have drawn much attention for the last decade
due to their interesting electrical and magnetic proper-
ties. These materials crystalize in a cubic structure with
boron octahedra in the center of the unit cell and the
cations sitting on the corners of the cube. In EuB6, the
Eu ions (S = 7/2) exhibit a ferromagnetic alignment
at TC = 15 K.
1,2 This transition accompanies a large
drop of dc-resistivity.3 In addition, the infrared reflectiv-
ity measurement showed an unusual shift of the plasma
frequency across the transition.4 The resistivity and the
plasma frequency changes are also induced by external
magnetic field.5
The hexaboride CaB6 is isovalent with EuB6. How-
ever, the low-temperature dc-resistivity exhibits a semi-
conducting temperature dependence, in contrast with the
metallic behavior of EuB6. While the Ca ion bears no
magnetic moment, weak ferromagnetism was observed at
high temperature (TC ∼ 600 K) in the lightly La-doped
Ca1−xLaxB6 as well as in the nominally stoichiomet-
ric CaB6 compound.
6 Various explanations of this effect
such as the excitonic state model7,8,9,10,11 and the dilute
electron gas model6,12,13 have been proposed. The effect
is also attributed to extrinsic origin such as structural
defect or impurities.14,15,16,17
As a prerequisite to the understanding of these un-
conventional phenomena, the band structure of EuB6
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and CaB6 were extensively studied both theoretically
and experimentally. de Haas-van Alphen (dHvA)
and Shubnikov de Hass (SdH) experiments show a
semimetallic band structure in both materials, i.e, both
electron pocket and hole pocket exist on the Fermi
surface.18,19,20,21 On the other hand, angle resolved pho-
toemission spectroscopy (ARPES) and soft x-ray emis-
sion measurements showed that in both compounds the
bands are separated with a sizable gap of ∼ 1 eV.22 The-
oretically, the early local-density approximation (LDA)
band calculation predicted that, in EuB6 and CaB6, con-
duction band (CB) overlaps with valence band (VB) at X
point of the Brillouin zone.23 LDA+U calculation result
for EuB6 agrees with this semimetallic band structure.
24
However, for CaB6, pseudo-potential GW
25,26 and also
WDA calculation27 claim an insulating state with a siz-
able band gap of 0.8 eV. On the contrary, all electron
GW calculation by Kino et al. shows that CaB6 does not
have such a large gap.28 A full-potential LMTO calcula-
tion yields a moderate gap of 0.3 eV.29 This lack of con-
sistency among different results suggests that the band
structure depends much on the details of the employed
calculation methods.
Recently, Rhyee et al. have prepared a series of
Eu1−xCaxB6 where Eu is gradually replaced by the isova-
lent Ca.30,31 As the Ca-content x increases, the metallic
dc-resistivity ρ(T ) was found to increase and then crosses
over to an insulating behavior. Noting that no carrier
doping is expected in this series of isovalent samples,
the evident changes of the electrical properties imply a
non-trivial effect of the Ca-substitution. Also, this sys-
tem provides an opportunity to understand, when com-
2FIG. 1: Reflectivity spectra of Eu1−xCaxB6 for various values
of x from x = 0 (EuB6) and x = 1 (CaB6) taken at room
temperature.
bined with a spectroscopic measurement, how the elec-
tronic structure changes along with the cation substi-
tution. This will provide useful clues about the band
structure of the two parent compounds EuB6 and CaB6.
In this study, we have performed a wide range (20 −
5 0, 000 cm−1) optical spectroscopic measurement of
Eu1−xCaxB6 for a serious of compositions x which ranges
from 0 to 1. The single-crystal samples were synthe-
sized by a boro-thermal method as described in detail
elsewhere.30,31 Boron powder of 99.9% purity was used.
To determine the Eu content x, we measured the dc-
magnetization M(H) of each sample until it saturates
at high magnetic field H. The saturation value is propor-
tional to x, from which we find x = 0, 0.13, 0.25, 0.35, 0.54
and 1. Dc-resistivity and Hall coefficient of these samples
were reported in the earlier publication.31 For present op-
tical study, crystals from the same sample batches were
used. The reflectance R(ω) at a near-normal angle of in-
cidence was measured at 300 K in the 20 − 5 000 cm−1
and 5 000−50 000 cm−1 ranges using a Fourier transform
spectrometer with an in situ overcoating technique,32
and a grating spectrometer with a V-W method, respec-
tively. The crystals were wedged by 2◦ to avoid internal
interference effect.
Figure 1 shows the reflectivity of Eu1−xCaxB6 over the
wide range of frequency. In the low energy infrared re-
gion, the spectra exhibit a large change with x. For x=0
(EuB6), R(ω) is high and shows a plasma edge at ω ∼
1,200 cm−1, which is similar to the earlier observation by
Degiorgi et al..4 As x increases, the reflectivity level de-
creases and the plasma edge shifts continuously toward
lower frequency. For x ≥ 0.35, this metallic feature of
R(ω) is significantly suppressed and the phonon peak at
150 cm−1 becomes prominent. The absorption peaks at
high energy (ω > 104 cm−1) correspond to interband ex-
citations.
The real part of the optical conductivity σ1(ω) has
been determined from a Kramers-Kronig analysis of the
FIG. 2: Optical conductivity σ1(ω) of Eu1−xCaxB6 for: (a)
wide-range of frequency up to 5 eV; (b)low-frequency infrared
region. In (a), the curves are uniformly displaced along the
vertical axis to avoid heavy overlap among them. Inset shows
σ1(ω) of EuB6 and CaB6 without the vertical shift.
measured reflectance, for which extrapolations for ω → 0
and ∞ must be supplied. For ω → 0, the Hagen-
Rubens (HR) extrapolation was employed. Above the
highest measured frequency, a free-electron approxima-
tion R(ω) ∝ ω−4 was assumed. For 1.5 ≤ ω ≤ 5.5 eV,
an ellipsometer (Sopra GES5) was used to directly deter-
mine σ1(ω). The result showed a good agreement with
the reflectance measured in the same region.
Figure 2(a) displays the overall structure of σ1(ω) on
a linear scale. To allow for a clearer presentation, the
curves are displaced uniformly along the vertical axis.
The conductivity σ1(ω) consists of a gradual rise up to
≃ 2.5 eV and two eminent peaks at 2.7 and 3.7 eV,
respectively. Also a weak absorption appears at about
1.5 eV. Note that the 2.7 eV peak shifts to higher energy
as x increases, as indicated by the arrows. A similar shift
occurs with the 3.7 eV peak as well. The inset displays
σ1(ω) of x = 0 and 1 without the vertical displacement.
Note that the shift occurs over the wide energy range,
including the region of the gradual rise.
We assign the observed σ1(ω), the rise and the peaks,
to interband transitions of Eu1−xCaxB6. Band structure
calculations show that in EuB6, the CB width is about
3 ∼ 4 eV and the band bottom is formed at the X point
of the Brillouin zone (BZ). The VB top is located at
the same point. Most of the calculations show that, in
EuB6, the two bands overlap by small amount to form
3a semimetallic state.23,24 An optical excitation from the
VB to the CB will then occur over a broad frequency from
ω = 0 to the maximal interband energy. For instance, ac-
cording to Massidda et al., the 2.75 eV peak corresponds
to the VB-CB excitation at the Γ point.23 The blue shift
of σ1(ω) which occurs nearly uniformly over the wide fre-
quency range implies that with Ca-doping, the VB-CB
distance increases throughout the BZ.
In EuB6, the VB is formed by the B 2p level, while
the CB is derived from the hybridization of the cation
d (Eu 4d) and B 2p levels.23,24,25,26,33 As Ca is intro-
duced, the lattice constant of Eu1−xCaxB6 monotonically
decreases.30 Also, within the unit cell, the cation-boron
distance decreases and as a result, the hybridization will
change. In addition, Eu+2 has a larger ionic radius than
Ca+2 (1.12 A˚ vs 1.0 A˚). These structural and chemical
changes seem to contribute to the observed band shift.
Further, Kunesˇ et al. showed that in EuB6, the Eu 4f
state, through hybridization with B 2p state, has signifi-
cant consequences in the band structure, particularly at
X point of BZ.24 It will be interesting to perform a com-
plete band structure calculation of Eu1−xCaxB6 to see
whether the observed band shift is reproduced, and also
to find which effect plays the major role of it.34 As for the
1.5 eV peak, Caimi et al. assigned it to the intra-atomic
Eu 4f → 5d transitions.35,36 This is consistent with the
absence of the peak in CaB6.
In Fig. 2(b), we show the low-frequency part of the
spectrum. The sharp peaks at ω ≈ 146 and 858 cm−1
represent infrared-active phonons. The rapid increase of
σ1(ω) at low-frequency with decreasing ω represents the
metallic response of free carriers. This intraband conduc-
tivity decreases with x and is suppressed to a negligible
amount for x ≥ 0.35, indicating that the metallic carri-
ers disappear. We estimate the spectral weight of σ1(ω)
in terms of the plasma frequency ωp using the relation
ω2p =
120
pi
∫ ωc
0
σ1(ω)dω. Here the cut-off frequency ωc for
the integration was taken as 2000 cm−1. The phonon
contribution was subtracted from the sum. The result is
shown in Fig. 4 which will be discussed later. Addition-
ally, we note that the intraband σ1(ω) does not follow
the conventional Drude form. Perucchi et al. analyzed it
as a sum of several Drude components.37
In EuB6, the metallic carrier creation is attributed ei-
ther to an extrinsic origin such as a boron vacancy22 or
to the intrinsic semimetallic CB-VB overlap.23 Degiorgi
et al. measured reflectivity of an independent EuB6
sample.4 The plasma edge in that work coincides with
ours, suggesting that the carrier density is same. In the
present work, the plasma frequency changes systemati-
cally in Ca-doped samples. It is less likely that these
results come from uncontrolled random vacancies. As
for the latter scenario, which seems more plausible at
this point, the carrier density depends on the amount of
the band overlap at X-point. The x-dependence of ωp
suggests that the overlap decreases with Ca-doping. For
x ≥ 0.35, it is inferred that CB and VB are separated.
To test this picture more directly, let us give a closer
FIG. 3: Otical conductivity of Eu1−xCaxB6 below 0.5 eV.
The curves are displaced vertically. The solid horizontal lines
show the displacements. The dashed lines are used to deter-
mine the absorption edge of the interband transition. (Inset):
A decomposition of σ1(ω) of x = 0.25 into intraband and in-
terband contributions. We use two Drude conductivities to
fit the intraband σ1(ω). The phonon peak was substracted
from the data.
look at the onset of the interband conductivity which cor-
responds to the VB-CB excitation at X point. In Fig. 3
we show σ1(ω) in the mid-infrared region for four sam-
ples, one below xc (x = 0.25) and the rest at x ≥ xc. For
a clearer presentation, the curves have been displaced
vertically. The interband σ1(ω) appears as a linear rise
with increasing ω on the high energy side of the spectra.
For the samples with x ≥ 0.35, we extrapolate along the
linear region to find the onset energy ∆, as shown by the
dashed lines. At x = 1 (CaB6), ∆ is about 0.25 eV. The
Drude feature in the far-infrared region represents per-
haps residual impurity-induced carriers. At x = 0.54 and
0.35, ∆ is smaller. For these two samples, ∆ determina-
tion is somewhat uncertain due to the remnant σ1(ω) at
ω < ∆.38 At x = 0.25, the intraband σ1(ω) is strong.
Various model functions fit to the intraband σ1(ω) were
evaluated, but depending on the fitting details, ∆ var-
ied from 0 to as large as 0.2 eV. The inset illustrates a
fit with ∆ = 0 which corresponds to the case where the
bands overlap. The large uncertainty of ∆ makes it dif-
ficult to determine the X-point band state for x < 0.35.
In Fig. 4, we summarize the observed optical changes of
the 2.7 eV peak position Ω, the squared plasma frequency
ω2p and the interband onset frequency ∆. The Ω in CaB6
(=3.35 eV) is about 0.6 eV higher than in EuB6. Mean-
while, the band overlap in EuB6 estimated from the band
calculation is about 0.3 eV.24 If the bands move rigidly
throughout the BZ, the X-point separation at x = 1 will
be 0.3 eV. This is close to the observed ∆ = 0.25 eV of
CaB6. Also the bands will fall apart (∆ = 0) when the
shift is 0.3 eV. This occurs, from Fig.4(a), at x = 0.35,
which agrees with the suppression of ω2p. However, ∆ at
this composition (= 0.15 eV) is rather significant. It
4FIG. 4: The changes of the optical features of Eu1−xCaxB6
with x. (a) Position of the 2.7 eV peak. (b) Squared plasma
frequency ω2p (c) Absorption onset of the interband transition.
In (b), ω2p is converted into carrier density n (right axis) from
ω2p = 4pine
2/m∗ using m∗=0.25 [ref.18 and 19]. Error bars of
the values are indicated together.
may indicate that the gap opens quickly, i.e, between x
= 0.25 and 0.35, the band shift at the X-point occurs
faster than the other part of x. Interestingly, the change
of Ω shows a rapid shift for this x range. However, due
to the uncertainty of ∆ at x = 0.35, it is difficult to draw
the exact x-dependence of the gap opening. Neverthless,
the overall behaviors of the three optical conductivity
features show consistently that the electronic structure
transition occurs from the semimetallic EuB6 to the in-
sulating CaB6 through the band shift. EuB6 exhibits
a ferromagnetic transition at Tc = 15 K. It was found
that Tc decreases with Ca-substitution and then, inter-
estingly, disappears at xc.. This correlation suggests that
the ferromagnetism is coupled with the charge carrier.39
A quantitative analysis of this relationship will be dis-
cussed in an independent paper.40
In summary, we have performed reflectivity and ellip-
sometry measurements on the isovalent hexaboride series
compounds Eu1−xCaxB6 (0 ≤ x ≤ 1) over wide energy
range of 2.5 meV - 6 eV and found that the optical con-
ductivity exhibits systematic evolutions from EuB6 to
CaB6. The interband σ1(ω) including the two peaks at
2.7 eV and 3.7 eV shifts continuously to higher energy
as x increases. This shows that, along with the cation
substitution, the valence band and the conduction band
move away from each other throughout the Brillouine
zone and the VB to CB energy distance increases with
the Ca-content. As for the the low-frequency intraband
σ1(ω), the Drude spectral weight decreases continuously
with x and suppressed for x > 0.35. In EuB6, we adopted
the semimetallic band structure calculation results and
showed that the observed behaviors of the low frquency
σ1(ω) are most readily explained in terms of the band
shift at the X point of BZ. The carrier density decreases
due to the decrease of the CB-VB overlap. At higher x,
the two bands are separated to open a band gap, which
is consistent with the optical absorption onset at finite
frequency, 0.25 eV in CaB6. As we mentioned in the in-
troduction, extensive efforts have been made to calculate
the band structure of EuB6 and CaB6. The observations
of the present work, i.e, the systematic evolution of the
electronic structure along with the cation substitution
in Eu1−xCaxB6 provide a strong constraint on the band
structure calculations and should guide future works to-
ward the complete understanding of the hexaboride com-
pounds.
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